Abstract: A new One-Dimensional Turbulence (ODT) based closure model for turbulent non-premixed flames is proposed and validated for turbulent jet diffusion flames. The model is based on the tabulation of scalar statistics based on two parameters, which measure the extent of mixing and entrainment. The table is generated using different realizations of stand-alone ODT simulations of turbulent jet diffusion flames. The table look-up process is implemented with a Reynolds-Averaged Navier-Stokes solver (RANS) computation of a hydrogen-air turbulent jet diffusion flame; and comparisons with experimental data and the flamelet model are carried out. The model, although limited in its present application to a simple jet diffusion flame, demonstrates the coupling between a low-dimensional stochastic model, ODT, with a coarse-grained simulation approach, RANS. The low-dimensional formulation is designed to predict reasonably well thermochemical scalars statistics in sample space; while, its coupling with RANS, and eventually to LES, is designed to predict these statistics in 3D space. The resulting formulation yields reasonably good agreement with experiments based on axial and radical statistics of thermo-chemical scalars.
INTRODUCTION
The prediction of combustion efficiency, emissions and firerelated safety in practical combustion devices relies primarily on the proper implementation of the so-called 'turbulence-chemistry' interactions. Different closure strategies have been explored that address these interactions, including the Laminar Flamelet model (Peters 1988) , the transported PDF model (Pope 1985) , the Conditional moment closure model (Bilger 1993) , stand-alone and LEScoupled formulations of the Linear-Eddy Model (LEM) (McMurtry et al. 1993 ) and the One-Dimensional Turbulence (ODT) (Echekki et al. 2001; Hewson & Kerstein 2002 ).
The ODT model has been successfully implemented as a stand-alone model for turbulent jet diffusion flames (Echekki et al. 2001; Hewson & Kerstein 2001 , 2002 as well as for a number of non-reacting flow configurations (Kerstein 1999 ). The ODT model is based on a 1D formulation in physical space of the governing equations for momentum and scalar transport, and involves a DNS-line spatial and temporal resolution to resolve pertinent Copyright © 2004 Inderscience Enterprises Ltd. molecular transport, turbulent transport and chemical processes. The low-dimensional ODT formulation invariably limits its application as a stand alone model to isotropic or homogenous flows (Kerstein 1999) and to flows involving a dominant flow direction (Echekki et al. 2001) . For applications involving complex bulk flow characteristics, ODT may be coupled with multidimensional flow solvers like Reynolds-Averaged NavierStokes solver (RANS) or Large Eddy Simulation (LES) in potentially two different ways. The first can be implemented as a fully coupled simulation in a manner similar to the LES-LEM strategies suggested by McMurtry and coworkers (McMurtry et al. 1993 ) and Menon and co-workers (Calhoon and Menon 1997; Chakravarthy and Menon 2000) . The second approach is based on the use of standalone ODT to generate generalized flamelet libraries in a manner similar to the flamelet approaches adopted for premixed and non-premixed combustion (see for example, Peters 1988; Benim and Syed 1998) .
The spatial resolution associated with ODT simulations may impose more stringent computational requirements than models parameterized in mixture fraction space, such as the Flamelet approach in non-premixed combustion. However, the ODT formulation allows for a direct physical coupling between turbulent transport and molecular processes (chemistry and molecular transport). The ODT formulation can also accommodate the implementation of physical boundaries (e.g. walls). Moreover, because there is no inherent parameterization of the ODT model in terms of parameters that are specific to a combustion mode (e.g. mixture fraction, or reaction progress variable), or to a two stream system, the ODT formulation can be implemented on a more general set of combustion problems that can admit mixed combustion modes, regimes as well as transient combustion events, such as extinction and re-ignition.
In the present study, we illustrate the use of the ODT model coupled with a coarse-grained approach, the RANS formulation. The coupling is implemented using a set of tabulated statistics that are parameterized in terms of variables that are transported in RANS solution. We demonstrate the formulation for a high Reynolds number turbulent jet diffusion flame. The results of the ODT-based closure for reactive scalars are compared with experimental data and computations using the laminar Flamelet model. The present study is a first step towards and a demonstration of the implementation of model-based closure in turbulent combustion based on the ODT model. Extension to flows, which exhibit important non-equilibrium effects, such as extinction and re-ignition, will be explored in the future to further demonstrate the model versatility.
The paper is organized as follows. First the methodology involved in the ODT-based closure is outlined and compared to the Flamelet approach. Next, the results obtained by applying these closure methods are compared with the experiments. Finally, the results are summarized and implications and extensions of the proposed modeling approach are discussed.
METHODOLOGY

General Strategy
In exploring the methodology associated with building generalized flamelet libraries, it is important to distinguish the features of both ODT-based closure and the flamelet approach. As stated earlier, ODT builds its own statistics such that presumed functions for the PDF of the scalars are not needed. This specific feature provides a clear advantage for the proposed approach. The advantage is that ODT solutions can inherently evolve under strong nonequilibrium effects, such as the presence of extinction and re-ignition. These effects will be explored in more detail in future work. In contrast, flamelet results are based on flame (burning) solutions whose burning rate can be attenuated by dissipation, but, do not possess the ability to re-ignite once extinction occurs, except by introduction of an ignition source. An important practical consequence of the potential of ODT to produce generalized flamelet tables is that the tabulation can be made through a wider choice of parameters, through lower moments of select scalars or associated PDFs. The challenge of an ODT-based closure approach is to define the appropriate coupling approach between the ODT solutions and the coarse-grained simulation approach (LES or RANS).
In the following discussion, the methodology involved in implementing the ODT-based closure is described for the case of a high Reynolds number turbulent jet diffusion flame with one inner fuel stream and an outer oxidizer stream; therefore, a single mixing quantity, the mixture fraction, can be used to parameterize the extent of mixing between the fuel and oxidizer streams. In general, the ODT model can be implemented with multiple parallel streams. The solution process involves:
1. Stand-alone ODT simulations of the turbulent jet diffusion flames subject to similar inlet conditions to the RANS simulations. Different realizations of ODT results can be generated using different sequences of stochastic stirring events as described below. The different realizations can be used to generate statistics (primarily first and second moments) for reactive and passive scalars of the solutions. The computational details associated with the stand-alone simulations are identical to the ones adopted in previous calculations of jet diffusion flames with ODT (Echekki et al. 2001; Hewson & Kerstein 2001 , 2002 .
2. The ODT statistics are tabulated based on parameters that prescribe the extent of entrainment (i.e. downstream distance) as well as the extent of mixing (i.e. radial profiles).
3. Solutions for the density-weighted streamwise velocity and mixture fraction are implemented in the RANS code. Transport equations for the Reynolds stresses and the mixture fraction fluctuations are also solved in the RANS code for more robust closure of the Favre-averaged streamwise velocity and mixture fraction. The RANS formulation is based on a parabolic formulation as outlined below.
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4. The ODT statistics for the mean density is evaluated using a look-up table, based on the parameters outlined earlier, and used in the RANS simulations. Therefore, the present model relies on a one-way coupling without any feedback to the ODT solutions. Future refinements to the RANS-ODT model will involve two-way coupling between the RANS and ODT solutions.
ODT Simulations and Table Generation Procedure
In this section, we describe the ODT stand-alone formulation and the methods used to gather statistics for coupling with the RANS formulation. A detailed description of the ODT model formulation for turbulent flows is given in (Kerstein 1999) . The work by Echekki et al (2001) describes the model's implementation in turbulent jet diffusion flames. The ODT model in comparison with other mixing models is a "self contained" turbulence model, which provides direct coupling between turbulence and chemistry (Echekki et al. 2001 ); this coupling is implemented in one dimension. In jet diffusion flames, the ODT 1D domain is along the radial direction; while the temporal evolution is interpreted as a downstream evolution from the jet inlet. Turbulent transport is implemented through stirring events, which are implemented stochastically using triplet maps. Triplet maps emulate the compressive strain and rotational folding effect of turbulent eddies. Molecular processes, including chemistry and diffusive transport, are implemented deterministically through solutions of unsteady transport equations for at least one velocity components and thermo-chemical scalars, the species mass fractions and the temperature. Here, the resolved velocity corresponds to the streamwise velocity component, u. This u profile provides a mechanism to evaluate the local shear, and hence a mechanism for driving the turbulence. The thermodynamic pressure is assumed to be constant for the purposes of evaluating the mixture density. Stirring events generate an evolving dissipation rate field and associated statistics given the level of the rate of stress field. Therefore, ODT is capable of building its own statistics and associated scalars Probability Density Functions (PDFs).
Each 'triplet map' applied to an eddy of size l and left boundary ŷ, such that the eddy spans the range[
The triplet map is a conservative rearrangement event which consists of the replacement of 1D profile on the size segment by three identical copies compressed to onethird of their original size. The middle copy is then inverted to obtain continuity of values on the new profile. The frequency of stirring events is governed by an eddy rate distribution, which is governed by the eddy size and a characteristic eddy turnover timê l τ . This time is evaluated by the relation: ODT model constants; and it as well is of order unity. In the present study, the values of A and β are 0.334 and 1.45 respectively, which are identical to the values used for simulation of different flames using the ODT model (Echekki et al. 2001; Hewson & Kerstein 2002) .
It is important to note that, although there is no explicit solution for the continuity equation in the ODT formulation, important transport terms in ODT are implemented to enforce mass conservation. First, stirring events through triplet maps inherently conserve mass. Second, grid stretching is implemented after each molecular event (i.e. solution of reaction/diffusion equations) to represent flow dilatation such that ρ ∆x remains constant (Echekki et al., 2001) . Here, ∆x is the grid size. The initial velocity profiles in the central fuel jet are obtained using a channel flow simulations in ODT, while, species mass fractions and temperature profiles are obtained using a laminar strained flame profile at 100 sec -1 . The solutions are based on the OPPDIF code (Lutz et al. 1996) . Each realization then involves the solution of the temporal planar boundary layer equations with the omitted advection and pressure fluctuation terms provided by the stochastic stirring events (Echekki et al. 2001) . These stochastic stirring events are implemented with different random number distributions for each realization. For the present study, the ODT simulations are carried out for 300 realizations; and statistics are built for the scalars based on these realizations. Figure 1 shows the instantaneous profiles of temperature and O 2 mass fractions after 10 ms (which approximately corresponds to the axial location 20 diameters from the inlet) from a single realization and the corresponding mean profiles over 300 realizations. The dashed lines represent the instantaneous profiles and the solid lines the corresponding mean profiles. The instantaneous profiles reflect the coupling between stirring events and molecular events (diffusion and reaction); the resulting profiles feature representative flamelets, with their associated structures and dissipation rates, as well as interactions among these flamelets. The mean field exhibits the averaged 'brush' structure characteristic of coarsegrained solutions, such as RANS. Requirements to generate smooth statistics for reactive scalars in terms of number of realizations depend primarily on the order of the statistics required. Reasonable profiles for means are obtained using approximately 50 realizations, while, rms profiles require more than 200 realizations without prior filtering/smoothing of the statistics. The number of realizations is needed to generate relatively 'smooth' statistics; although, it is equally possible to generate fitted scalar PDFs that can reasonably reproduce the present results at a much lower number of realizations. The limitations and advantages of a fitted PDF procedure will be explored in more detail in the future in an effort to computationally streamline the generalized flamelet procedure.
Figure 2a. Schematic of the ODT-based closure approach adopted for RANS solver
An additional consideration in the computation of statistics for jet diffusion flames is the presence of relatively rare, large-eddy events, which instantaneously entrain air into the jet centerline. Such events are relatively rare; but, their impact on scalar statistics is important, especially for the oxidizer, O 2 (Echekki et al 2001) . In calculating ODT statistics, conditions that are significantly far from the mean are removed from the statistics of density, species mass fractions and temperature. In the present study, we have eliminated scalar and velocity values that are more than three times the rms values away from their mean.
The mean scalars thus obtained are tabulated as a function of two quantities, which measure the extent of mixing and entrainment or downstream location, respectively. Since the flame under consideration is characterized by a two-stream configuration, a central fuel jet and co-flow air, the mixture fraction Z in the radial direction is used to represent the extent of mixing, and the centerline mixture fraction, C Z , is used to represent the extent of entrainment or downstream location. Both mixing and entrainment parameters are density-weighted consistent with their solution in the RANS code. The spatial temporal profiles of ODT solutions are mapped into the ( Z , C Z ) space. These profiles are interpolated into a uniform grid in (
using the interpolation algorithm developed by Akima (1974) . The normalization of the mean mixture fraction by the centerline value is implemented to obtain a uniform range for the mixing and entrainment coordinates between 0 and 1. Unlike the flamelet approach, the tabulation for reactive scalars is already implemented in their density-weighted mean, without a need for a scalar PDF, transported or presumed. The ODT solution implicitly constructs the scalar PDF and allows for events that are primarily not correlated with the mixture fraction or its fluctuations, such as reignition events.
The RANS Formulation
In the present study, a Reynolds stress model (Daly & Harlow 1970) is used with the model constants prescribed by in their model RSM II, to model the fluid mechanics part of the turbulent diffusion flame. The governing equations in the parabolic formulation are solved for the Favre-averaged mean velocity in the predominant flow direction, , mean mixture fraction, u Z , its variance, " " Z Z , the mean kinetic energy, , and its dissipation rate k
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ε , the Reynolds stresses ( " " u u , " " v v and " " w w ) and correlations between scalars and velocity terms ( " " Z u and " " Z v ) using a Reynolds-Averaged Navier-Stokes (RANS) solver. Here, u, v and w, correspond to the streamwise, radial and azimuthal velocity components, respectively. A Patankar-Spalding grid transformation (Patankar and Spalding 1967 
Here, is the k ( ) k φ th dependent variable to be solved, and M the total number of variables. The quantities a (k,l), b(k,l) and c (k,l) are the coefficients associated with the second and first order derivatives; the d(k,l) are the source terms related to the l th dependent variable; and e(k) are the source terms not related to the dependent variables. These coefficients are both functions of ω and the dependent variablesφ ; and hence, the above equations represent highly coupled nonlinear partial differential equations. The solution for the dependent variables is solved by inversion of the block tridiagonal matrix formed with the above differential equations, and by marching in the predominant flow direction with coefficients calculated from the previous step (Chen et al. 1987 ).
The initial profiles required for the solution of the governing equations are obtained from a fully developed pipe flow solution. The mean mixture fraction is prescribed using a Heaviside unit step function and the variance is set to zero. Symmetric boundary conditions are enforced at the jet centerline and free stream boundary conditions at the outer edge. The density information required for closing the equations at every location in the computational domain of the jet are provided by the two closure models used; ODT and the flamelet model. The integration within the RANS solver is carried for downstream distances of up to 75 d, where d is the fuel jet inlet diameter.
The ODT coupling with RANS is implemented as follows.
At any RANS grid point, the local mixture fraction, , Z and the centerline mixture fraction, , c Z are used to look up the mean density, ρ using the ODT solution. Although not needed for the RANS computation, other means for scalar quantities and corresponding rms values can be looked up using the ODT tables to obtain the statistics presented in this study. For the Laminar Flamelet-based closure model, the laminar flamelet libraries are constructed using the program RUN1DL (Rogg 1989) for various values of scalar dissipation rates. The RUN1DL calculations are based on an equal-diffusivity model, in which mass diffusivities of the species are set equal to the thermal diffusivity. In the ODT calculations, the mass diffusivities are based on a massaveraged transport model using the CHEMKIN Transport libraries (Kee et al, 1983a (Kee et al, , 1983b (Kee et al, , 1985 . In the Flameletbased approach, a presumed shape (β function) PDF is used to compute the mean densities, mean scalars and their rms values as a function of mean mixture fraction and its variance. The ODT-based closure and the flamelet-based closure are shown schematically in figures 2a and 2b, respectively. The thick lines represent integration involving the RANS solver. The thin lines represent the generation of the lookup tables for the mean quantities in the case of ODT closure model and laminar flamelet profiles in the case of Flamelet-based closure model respectively. The broken lines represent post processing to obtain the remaining mean scalars. Here, it is important to emphasize the reasons why comparisons with the flamelet approach are included in the present work. The comparisons are primarily made to distinguish the mechanisms for generation of flamelet and generalized flamelet libraries and the potential extension of the proposed procedure to more complex flows. The ultimate advantage of the present procedure over the flamelet approach will be addressed using comparisons with a variety of flow configurations involving additional nonequilibrium effects in combustion.
RESULTS AND DISCUSSION
In this section, the run conditions are presented first. Then, a discussion of the results follows. The results are based on comparisons of the mean and rms axial profiles of the velocity, mixture fraction, temperature and major mean species mass fractions based on the ODT and flamelet models and the experimental results. These are followed with the comparisons of the radial profiles of mean and rms values of the temperature and major species mass fractions at different axial locations.
Run Conditions
The flame under consideration is a hydrogen-air jet diffusion flame, with a fuel composition of 50% H 2 and 50% N 2 . This flame is referred to as the H3 flame in the experimental database of Meier et al. (1996) and (also see the following webpage for access to the database, www.tudarmstadt.de/fb/mb/ekt/flamebase/H3flame). The fuel jet inlet diameter, d, is 0.8 cm. The jet Reynolds number, based on the inlet diameter and fuel mixture properties is 10,000. The co-flow consists of air with a bulk velocity of 0.3 m/s. The flame height is approximately 35 d downstream of the jet inlet; this height is based on a mean centerline mixture fraction at this location of 0.31, which corresponds to the stoichiometric value for the hydrogen-air mixture. A standalone ODT simulation for the above flame is obtained as described earlier. The solution is based on a 5 step mechanism for hydrogen-air chemistry (Chen et al. 1995) . The ODT solution involves the solution for transport equations for the streamwise velocity, the temperature, and 8 species, H 2 , O 2 , H 2 O, OH, H, NO and N 2 . The mean and rms quantities of the density and the transported quantities are obtained by averaging over 300 simulated realizations. Each realization takes approximately 30 minutes on a Linux workstation with a Xeon 2.4 MHz processor. A lower number of realizations may be needed if a fitted shape of the scalars PDF is adopted at different downstream distances or radial locations. Figure 3 shows the evolution of the axial mean and rms profiles of the streamwise velocity for the two models and the experiment. For both models, the rms of the mixture fraction and streamwise velocity are computed using the RANS solutions. A similar set of rms values based on the ODT solutions can be obtained, but not shown here. For the case of ODT-based closure model, the rms values of the temperature and species mass fractions are looked up as a function of Z and C Z similar to the procedure adopted for the mean densities. In the Flamelet calculation, the rms values for a given scalar, φ, are computed using the presumed PDF through the relation:
Axial Profiles
is the presumed shape β-PDF. The computations exhibit similar trends in the near field associated with a slower decay along the centerline for the mean values of the streamwise velocity and the mixture fraction. Further downstream, the two models predict slightly higher values for the mean mixture fraction. Although, the ODT predictions for the mean mixture fraction and the flamelet predictions of the mean streamwise velocity are better in the near field, there is no significant fundamental difference between the quality of predictions of the ODT and flamelet approach. 
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Similar effects are seen with the axial profiles of the mixture fraction and the major species and temperature as discussed below. The two models yield reasonable predictions of the velocity rms further downstream. Figures 3 and 4 illustrate the RANS predictions of entrainment based on the two models. The RANS formulation is governed by the specific model implementations used to close the Reynolds stress equations and the mixture variance equations as well as the model constants. Additional contributions to the predictions of the RANS formulation comes from the mean density field, which is computed using the flamelet or ODT tables based on mixing and entrainment parameters computed in RANS.
Given that the coupling between the models and the RANS calculation is through the mean density, it is not clear whether the differences between the models' predictions of the streamwise velocity are artifacts of the choice of the RANS model constants or additional finite-rate chemistry effects. Next, we will attempt to distinguish the contribution of both effects. Figure 5 shows the axial profiles of the mean density expressed versus the centerline mixture fraction for the two models and the experiment. By expressing the density in mixture fraction space, we are able to isolate primarily finite-rate chemistry effects and their contribution to the mean density. The figure shows that the ODT-based closure has a better agreement with the experiment than the flamelet approach. Therefore, and as expected, the models' predictions in the physical domain are inherently limited by the coarse-grained solution, which is in the present problem the RANS formulation and associated model constants. In the present study, we have adopted the same model formulation, model constants and inlet and boundary conditions, which were earlier proposed to study the H3 flame Chen et al. 1987; Neuber et al. 1998 ). Figure 6 shows the mean axial profiles of the major species mass fractions and temperature and their corresponding rms values along the centerline for the two models and the experiment. Both models predict the mean major species mass fractions and temperature reasonably well within the flame height for the product, H 2 O, and temperature. Whereas, the Flamelet model yields better predictions for these quantities compared to the ODT model beyond the flame height. As discussed earlier, the discrepancy between the axial profiles of passive and reactive scalars in the downstream reflects the model prediction of entrainment, which is governed by the specific model implementation within the RANS formulation and the density information provided by the respective closure models. The mean profiles for the fuel mass fraction are reasonably predicted by the models; while, the oxidizer profiles are unpredicted past the flame height. Therefore, the models underpredict the rate of entrainment of O 2 into the centreline further downstream of the flame height, since there is no chemical mechanism for its depletion once the fuel is depleted. The results are consistent with the overpredicted values of mean axial mixture fractions (see Fig. 4 ). Figure 7 shows the evolution of centerline values of major species mass fractions, temperature and their corresponding rms values in the mixture fraction space. In this coordinate system, the ODT model is in very good agreement with the experiments, except for predicting the peak H 2 O mass fraction and temperature along the axis. Here, the ODT model slightly overpredicts the mean temperature and H 2 O mass fraction at the flame height. In Figures 6 and 7 Strategies for a two-way coupling between the RANS and ODT solutions can be adopted to address the inherent limitation in ODT solutions in the far-field. As noted earlier, the two strategies fall under two distinct categories: full coupling of the solutions and coupling through statistics. The full coupling can be implemented by re-writing the ODT equations to include source terms from the RANSaveraged field to obtain a consistent formulation with that of RANS. Therefore, a fully coupled solution can provide sufficient redundancies between the RANS and ODT governing equations to provide dynamic refinements in the ODT model constants. A simpler strategy for coupling the RANS and the ODT solutions is through imposed mean profiles for the velocity field at different downstream distances. These mean velocity profiles and associated velocity gradients provide mechanisms for sustaining A new ODT-based closure approach for turbulent nonpremixed flame is proposed and validated for a turbulent hydrogen-air jet diffusion flame. It involves a one-way coupling between RANS and the stand alone ODT model with closure provided by the latter through density information. Observations based on the comparisons between the ODT-based model predictions with the flamelet model predictions and the experiment can be summarized as follows:
1. Predictions of the ODT and the flamelet models near the inlet are very sensitive to the prescribed inlet conditions in the RANS and ODT solutions. While improvements in the predictions of the flamelet-based RANS can be addressed through improvements in the RANS inlet statistics (profiles for the velocity, stresses, mixture fraction and its fluctuations), there is inherently more flexibility in refining the ODT inlet conditions. The ODT and RANS inlet conditions can be made reasonably consistent by matching statistics of the ODT and the RANS at the inlet, including the prescription of turbulent flame conditions at the inlet for ODT solutions. 2. The RANS formulation and model constants also influence the subsequent predictions of spatial profiles in the ODT and flamelet solutions. The present calculations rely on models (i.e. transport equations) for the Reynolds stresses and the mixture fraction fluctuations. An alternative procedure is to rely on the ODT model, a self-contained turbulence model, to provide closure for these quantities. This procedure can eliminate additional RANS model constants associated with the calculations of the Reynolds stresses and the mixture fraction calculations.
3. The ODT model exhibits lower axial rms values for the reactive scalars downstream of the flame height. The agreement between the ODT predicted axial rms values past the inlet region and up to the flame height is reasonable for these scalars. The decay in ODT rms in the far field has been recognized in previous studies based on ODT standalone simulations (Echekki et al. 2001) , and may be attributed to the fundamental differences between the planar unsteady formulation in ODT and the inherently 3D and spatial formulation needed to reproduce the statistics in the jet.
turbulence in the far field. In this simpler strategy, the RANS solution is advanced in downstream distance using the mean density provided by ODT. The mean velocity profiles from RANS can be overlaid on top of fluctuations in ODT and used to re-initialize the ODT velocity field; while, scalar profiles (temperature and species mass fractions) are maintained as computed from the previous ODT stage. The implementation of the two strategies will be explored in more detail with relatively more complex flow configurations, which do not involve a single dominant flow direction. 4. Requirements to generate reasonably smooth ODT statistics are reflected in the number of realizations used to reproduce the means and rms profiles. At present, it takes less time to generate flamelet libraries in comparison with the ODT generalized libraries. An alternative procedure is to construct PDFs of scalars by fitting shapes of the PDFs based on a more limited set of data (i.e. a lower number of realizations for ODT). The concept of constructed PDF offers even a more powerful potential (Goldin and Menon 1997, Goldin 2005) as a mechanism to construct statistics in simplified configurations and apply them to more complex flows. Moreover, these PDFs can be parameterized using a set of representative scalar moments, to reflect conditions of partial-premixing, multi-stream mixing, as well as the presence of important finite-rate chemistry effects, such as extinction and re-ignition.
